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ABSTRACT

The cr&sta] structure of rhodium pentaf]uoridelhas been determined
- from three,dimensiona1 X-ray data. The compound is monoclinic, PZ]/a,‘
with a = 12.3376(13), b = 9.9173(8), ¢ = 5.5173(6) K) B = 100.42(2)°,
V=663,85 k>, z=8,d_ =3.95g cn™>. A final conventional R factor

| of 0.029 was obtained using 1207 non-zero reflections. The structural
unit i§ a fluorine bridged tetramer similar to those réported for (RuF5)4
and (OsF5)4. Each Rh atom is coordinated by six fluorine atoms in an
approximéte]y octahedral arrangement. Each of a Sig pair of F atoms in
the RhF6 grdup is shared with another Rh atom, the Rh-F-Rh angle being
135 + 1° and the Rh-F interatomic distance ~ 2.01 t 0.01 8. For the
other F atoms in the RhF6 group the Rh-F interatomic‘disfances arevwﬁthin

~ the range 1.81 -1.83 A.
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INTRODUCTION

Of the Group VIII transition metals, the following pentafluorides

are known: RuF5,]VOsF5,2 Rth-,3 IrF5,4 and PtF5.5 ‘Attempts to prepare
PdF; have failed so far6; The crystal structures of RuF, and OsF. have

8

been reported7’ , and X-ray powder photography has shbwn4?3 all of the

platinum-metal pentafluorides to be isomorphous . Evidently these

.pentaf]uorﬁdes constituted a class which was structurally dist1n¢t4 from

the pentafluorides of Tc9 and Re]O

a]] 13

on the one hand and those of Nb11,

MO]Z, T and W'” on the other hand. Although the close resemblance
of the Xlray powder photographs of the pentaf1uoride$ of Rh, Ir and Pt

(see accompanying paper]4) suggested close structural similarities, the

“isostructural relationship to those of Ru and Os remained to be proved.

Furthermore, néither the RuF5 nor the OsF5 structure has been determined

~with high precision. Although more difficult to handle than IrF5 and

Pth, RhF5 offered the possibility of highest precision as a consequehce
of lower absorption coefficient and the lower ratio of the metal to
fluorine scattering factors. Accordingly we undertook the structure

determination of Rth;‘

EXPERIMENTAL SECTION

'Crystal Data.- Rhodium pentafluoride was prepared as described in

the accompanying paper]4. Crystals were grown by vacuum sublimation in

a quartz tube, the parent sample being at ~100 °. A ruby-red crystal

grown in ;his way, approximately 0.130 x 0.11 x 0.07mm was wedged in a

drawn 0.3 mm diameter quartz X-ray capillary, which was sealed under

dry nitrogen.
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(mol wt 197.9) is monoclinic with a = 12,3376(13), b = 9.9173(8),

3; z=8,d =3.95¢ cm'3.
= -

RNF ¢
¢ =.5.5173(6) R and B = 100.42(2)°, V = 663.85 A

As usual with dense, reactive fluorides, the number of fluorine atoms in

the unit cell was estimated by applying Zachariason's criterion]5 of =

| '_~_18 ﬂ3 per F atom. This indicated z = 8. Single-crystal precession

photographs indicated the systematic absences h 0 & when h = 2n + 1 and
0 k 0 when k = 2n + 1.  The structure was successfully refined in the

spaée group PZ]/a indicated by the systematic absences.

" X-Ray Measurements.- ‘A Picker automatic four circle diffractometer,
equipped withba fine focus Mo anode tube, was used‘for data collection.
Twelve high-gngle reflections, using MoKa, (A = 0.709261 R) rédiation, at
a take-offiang]e of ~ 2° and were used for a least-sqdares refinement of

the cé]] parameters. Data were collected and treated as described in a

‘recent article]ﬁ, Three standard reflections (040), (080), and (600) were

monitored',evéfy 200 reflections and showed no decay‘in intensity during
the coursevof data collection. A1l reflections of the form + h k £ were
measured out to a 26 angle of 60°. A total of 2124 intensity data were
collected and averaged to yield a data set of 1945 unique reflections,

1775 of which were greater than background and 1504 satified the criterion

1> g(I); An omega scan of thé crystal showed a peak width at half height

of ~ 0.1°. Although, for RhF ., the absorption coeffieient g_= 50.02, ‘the

59

~small size (pr = 0.5) and regular shape of the chosen crystal permitted

us toyignoré an absorption correction. The only other difference from
the previouusly described data treatment'® was in the choice of the value
of q, the arbitrary factor, employed to prevent relative error for large

counts becomihg unrealistically small. This factor was originally set at
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0.04 but was increased to 0.05 in the final refinemeht to improve‘weightingl

Structure Refinement.- Programs used in the structure solution and

refinement were as previously described]G. Scattering factors for neutral

fluorine were taken from Turner and Doy]e]7

and those for neutral Rh from
18 ‘

the tables of Cromer and Waber

A three-dimensional Patterson synthesis provided for a ready location

of the two rhodium atoms of the asymmetric unit. Three cycles of full-

matrix least-squares refinemeht, employing isotropic thermal parameters |
for the Rh atoms resulted in a conventional R factor'® of 0.25 for i504=
reflections for which I > g(I). A Fourier synthesis revealed ten major
peaks, in addition tO'theftwo Rh atom peaks in the asymmetric unit.  These
10 peaks were assigned as F atoms and With isotropic thermal parémetérs
réfined to a fina1 convéntionai R = 0.067. Three cycles of least-squares
refinement; allowing anisotropic thermal parameter5~f§r the rhodium atoms
resulted in an R factor of 0.049. A difference Fourier at this point
showed that all peaks had been taken into account by the structure. The
final cycle of least-squares,refining a]} atoms anjsotropicai]y,gaVe R =
0.041. Limiting the refinement to the 1207 data for which I > 3o(I)
reduced the R to 0.033. An'extinction correction of the form Fo] =
Fo[1.0 + e x I] where € = 1.6 x 1077 was applied to correct for discrepancies
of high inténsity reflections. This correction resulted in a final R
value of 0.029 for the noh-zero weighted daté; Inc]uding Zero-weighted data,
R was 0.054 for 1945 daté, and the standard deviation ofvan observation

, _ e . ~ :

of unit weight was 1.09. The final weighted wés 0.037. Final

2
positional and thermal parameters given in Table I are from the last re-

finement. The Eo and Ec data for RhF_5 (Table I1) are given in the
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micﬁbfi]m'version of this paper.]9

DESCRIPTION OF STRUCTURE

' Crystals of rhodium pentafluoride consist of c]ose-packeg tetra-
meric units. The tetramer is illustrated in Figufe'1, and documented
in Tab]é-III. The packing of the fetramers is shown in Figure 2. The
F atom arrénéement fn the structure approximates to_é hexagona1 close

8 by Mitchell and Holloway for OsFg and

packed arrangement ‘as described
RuFS. ‘The ké1ationsh1p of the tetramer unit to the 'hexagonal-close-
packing" is shoWn in Figure 3. The closest interatomic distanceé between
tetraméfs are consistent with van der Waals interactions.

The.tetrameric unit consists of somewhat distorted o;tahedral RhF6
~groups sharing gjé_éorners (Figure 1). The shared (bridging) fluorine
- atoms and'the rhodium atoms constitute a puckered eight-membered ring.
The tetramer is centered on a center of symmetry but contains two
crysta]lographfcai]y non-equivalent RhF6 groups. _The structure analysis
'.revea15»that these two crysta]lographica11y distinqt RhF6 groups are
the same size and shape. Each RhF6 group has been distorted from
- octahedral symmetry as a consequence of each of a pair of F—]igands
(in gii'relationship ) being involved in bridge bonding to another Rh
atom. In each RhF6 group, the bridging-F atohs are further from the
rhodium atom than the non-bridging atoms, the averaged interatomic
distances being 2.003 and 1.816 K, reépective]y. The bridgingiF |
Tigands, being further‘from the Rh atom are'alsb'further from the ofher
F 1i§ands of th¢ RhF6 group. Ligand repulsions in fhe RhF6 group must,

therefore, be smaller for the bridging F atoms than for the nonébridging._
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This is no .doubt why, in each RhF6 group, the noﬁ—bridging‘F Tigands,
above and below the plane containing the bridging F ligands, are
displaced towards the bridging-F edge of the octahédron.

| Not only are the two crysta]]ogfabhica]]yAdistinct RhF6 groups very
sihi1ar, sq'are the two Rh(1)-F-Rh(2) bridge features. The close
simi]arity'of the bridges is illustrated by interatomic_distances and
- bond angles given in Figure 1, but the closéness of the Rh{1)-Rh(2)
distances of 3.692(2) and 3.709(2) alone demonstrates this similarity.
Each bridginng Tigand is, within the estimatedlstandafd deviations,
| equidistant from the two Rh atoms to which it is cbordinated. Nor are
the Rh-F(5) distances significantly different from the Rh-F(6) distances.
The two Rh-F-Rh angles are 134.3(1) and:]35.7(1).

There are no statistically significant variations in the non-
bridging-fluorine Rh-F interatomic distances. The mean value of the
Rh—F-(nQn-bridging) interatomic distance (using thé_data from both
RhF) s 1.816 A. |

DISCUSSION
The crystal structure of RhF5 establishes that it is isostructural

3’4. Unfortunately,

| with RuF57 and OsF58, as the powder data had suggested
the RuF5 and OsF5 structures are not of high precision and the clear:
differenfiafion of the non-bridging M-F interétohic distances from the
bridging, seen in Rth_is not appareht in the OsF5 and Rqu reku1ts7’8.
The shapes of the tetrameric units of RuF¢ and Ost are,'however, essen-
tially the same as found for RhF5 and the same bond_]ength and bond angle
pattern seen in [RhF5]4 probably pertains in them too. - |

14

Although single crystals of IrF5 have been obtained , hone was of

“suitable size and shape to yield an accurate structure and when it
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‘became clear that the structure would be no more precise than that

repdrted for Rqu, the analysis was abandoned. Nevertheless, the

‘precessiOneand weissenberg'photOgraphic data has established the space

group EZ]/g.and indicates a close structural re1ationship to the other

platinum-metal pentaf]uokidee. ‘We, therefore, believe that these

: P : :
pentafluorides will all show essentially the same tetrameric unit as

detaﬁ]ed:for RhF. in Figure 1 and Table III.
, The distribution of known transition metal pentafluoride structure

typeg, is shown in Table IV. The bentaf]uorides of Nb, Ta, Mo and W have

11, 12, 13

been‘shown by Edwards and his coworkers to possess a square

tetramer1Cwun|t with 11near M-F-M br1dge angles. The pentafluorides of

9 10 20

Te™, , and V]O have po]ymerlc chain structures with bridging

, Cr

10 of ~ 150°. 1In the platinum- meta? pentaf]uor1de group,

|
the M-F-M ang1e in the tetrameric unit is ~ 135°. Edwards and Jones

10

M—F-M ang]es

that all of the structureSAexhibit close packing of the

fluorine atoms. In the MoF5 type stru'cture]2 the fluorine atom array

- {s distorted cubic close-packed, with metal atoms occupying one fifth

of the octahedral holes, whereas, in the RuF5 type a related but

hexagonal c]ose packed arrangement pertains. (The hexagonal close
packing in RhF5 may be seen in Figure 3.) As may be seen from the

effect1ve formu1a un1t volumes Tisted in Table IV, however, TeF5 and

: ReF5 are less close packed than their neighbors.

A pseudo~octahedra1 MF6 unit is a feature of all of the structures

~of crysta]]ine metal pentafiuorides examined so far. The MF6 units

are usually Tinked by a shareing of cis related F atoms and the RhF ¢

unit seen in [Rth]4 is similar to units seen in the other pentafluoride
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structures. Since the non-bonding M-F bonds are in the range 1.7-1.8 A

whereas thé bridging M-F are -2.1-2.0 A, we can safe]yvassume that the

“former bonds are appréciéb]y stronger than the latter. Indeed,

description of the M-F-M bonds as three-center four-electron bondsZ]

and the non-bridging M-F bonds as electron-pair bonds seems_appropriate.

As has already been pointed out, however, the M-F-M bond is not the
same foria11 of the bridged pentaf]ubrides.

Thé near:he;agonal c]ose-ﬁécking of the fludrine atoms in RhF5
indicates that the M—F-M ang1¢ of ~ 135° seen in this structure must
be as acute as any such bridging angle could bééome, without fﬁrther'
1engthenihg of the bridging bdhds relative to the non-bridging. It

22

is notable that in AuF3 polymer~", the Au-F-Au bridge angle is 116°,

but the gold atom coordination, in F atoms, is four in a square, not

" octahedral. .

The adoption of the RhF5 type structure by_those pentafluorides
at the.right hand end of each transition series sUggests that the

bridge-bonding in this type has a greater measure of covalency than in

‘the other structure types. This is because the inckeasing_nuc]ear

charge in the series Nb - Rh and Ta - Pt, is not screened by the

formally 'non-bonding’ g_e1ectron§ (which occupy the‘gtzg orbitals).
Evidently in VF5 and its structural relatives, the cové]ency constraint
on the M-F-M bridging is great enough to render the better packed NbF5
type structure energetically less desirable, but yet not great enough
to proddcevthe RhF5 type. . On the basis of this rationalization, the
NbF5 type structure comes closest to representation as an ionic

assembly (MF4+F")4. Of the transition metal pentafluorides it is,




therefore, more 1ikely that those of the NbF type should form MF4

23

salts with exceT]ent F- acceptors such as SbFr and Fdwards has

already presented evidence for the salt NbF4 SbF6 .

It remains to be seen_whetﬁer AuFS, PdFS, and MnF5 can be obtained
as crystalline solids. There is no certainty that these pentaf]uoridés
would be fluorine bridged polymers and not monomefs (Tike AsF5 and PF )
but if br1dg1ng does -occur, the RhF5 type structure appears to be the

~most Tikely one to be adopted.
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M-F
Rh{1)-F(1)
Rh{1)-F(2)
Rh{1)-+(3)
Rh(1)-F(4)
R1C1) -1 (5)
Rh(1)-F(6)

bi-M
RR{1}-RR(1")
Rh(1)-Rh(2)

F-F (cis)
F(1)-F(2)
F(1)-F(3)
F(1)-F(4)
F(2)-F(3)
F(2)-F(4)
F(5)-F(2)
F(5)-F(3)
F(5)-F(4)
F(5)-F(8 )
F(5)-F(9°)
F(5)-F(10)
F(5)-F(€)

.F-F (other)
F(6)-F(6')
F(1)-F(7)

~14-

Tab]é 111, BOND DISTANCES (R):AND ANGLES (Deg.) WITHIN THE RhF5 TETRAMER

Distances
1.821(4) RQ(Z)-F(7)
1.816(4) Rh(2)-F(8)
1.816(4) Rn(z)-F(g)
1.810(4) Rh(z)-%(lo)
2.000(3) !u\(z)ur(ﬁj
2.005(4)  Rh(2)-F(6)
4.998(2) . Rh(2)-Rh(2')
3.692(2)' Rh(])-un(z')
2.582(5)  F(9)-F(7)
2.630(C)  F(9)-F(8)
'2.620(3) " F(9)-F(10)
2.606(7) F(7)-F(8)
2.638(5) - F(7)-F(10)
2.691(7) . F(6)-F(1)
2.648(4) F(6)-F(3)
2.641(5)  F(6)-F(4)
2.674(5) F(6)-F(7)
2.699(5) F(6)-F(10)
2.624(6) F(6)-F(8)
2.818(8) ° F(6)-F(5 )
2.897(8)  F(3)-F(10Y
2.974(7)  F(3)-F(8 )

el
UL

1

.222(4)
816(3)
.812(4)
.817(8)
.003(4)
.000(3)

.458(2)
.709(2)

.566(7)
.619(5)

.629(s)

600(6)

.643(5)
.730(7)
.660(5)
.623(6)
.726(5)
.638(5)
.639(5)
.809(6)

.827(5)
.817(5)

F(1)-Rh{1)-F(2)
F(1)-Rh(1)-F(3)
F(1)-Rh(1)~F(4)
F(1)-Rh{1)-F(5)
F(1)-Rh(1)=F(6)
F(2)-Rh({1)~F(3)

. F(2)-Rh(i}-F(8)"

F(2)-Rh(1)-F(5)
F(2)-Rh(1)-F(6)
F(3)-Rh(1)-F(4)
F{3)-Rh{1)-F(5)
F(3)-Rh(1)~F(6)

F(4)-Rh(1)-F(5)

F(4)-Rh(1)-F(6)
F(5)-Rh(1)-F(6)

Rh(1)-F(5)~Rh(2)

90.46(23) . F(5)-Rn(2)-F(6)
92.65(20)  F(5):Rh(2)-F(7)
92.36(21)  ¥(5)-Rh(2)-F(8)
179.73(38)  F(5)-Rh(2)-F(9) -
90.00(19)  F(5)-Rn(2)-F(10)
91.70(23) F(6)-Rn(2)-F(7)
93.36(25) ~ F(6)-Rh(2)-F(8)
89.39(21)  F(6)-Rh(2)~F(9)
178.85(28)  F(6)-Rh(2)-F(10)
172.84(35) *  F(7)-Rh(2)-F(8)
87.57(19) F(7)-Rh(2)-F(9)

. 88.10{19) . F(7)-Rn(2)-F(10)
87.43(18) F(8)-Rh(2)-F(9)
86.72(19)  F(8)-Rh(2)-F(10)

~ 89.72(19) F(9)-Rh(2)-F(10)

135.71(11)  Rn(1)-F(6)-Rn(2).

89.25(18)
179.84(23)
88.86(21)
90.04(21)
86.75(20)
90.87(22)
87.37(18)

179.26(23)

87.30(19)
91.25(23)
89.84(23)
93.15(25)
92.43(22)

©173.14(28)

92.85(20)

134.34(10)
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| TABLE IV
Structure Type and Formula Unit Volume (V) of -the 1st, 2nd and 3rd

Transition Series Pentafluorides

; 1 yx Cr
Type 0 oP

V(R3) 85 83

Nb*  Mo* | Tc | Ru  Rh*

Type M© M 0® | m2f9 w2
viRd) 88 88 | 95 | 83 83

o C Ta* W Re | Os* Ir Pt

Type mi¢ mi| o0f | Mm% w2

V%) s s | o4 | 85 &2 82

Lk Indicates a complete structural analysis has been
-reported; 0 - orthorhombic VFS type; M1 - monoc]inic

NbF5'type§ M2 - monoclinic RhF5 type.

- a~Reference 10 f-Reference 7
."baReferencevZO | g—Referencé 8
c-Reference 11 - h-present work
d-Reference 12 i-Reference 13

e-Reference 7 J-Reference 14



-16~

F4'@ \ Fe |
AP
- j JRh
P N

| | @FZ‘S'

F90) ] FG ZQ\Ehbmmu
@. - | F8'® o ,}\\\ .

-

<

PG

e,
I8I2(4) \ 71816 (3)

Tf‘Eyﬂ '
1817 (9 ” 2
P

X : ZOOO (3)

Fs'

135.71(11)
2.005@4) -

XBL 728-6758

Figure la: The Rth Tetramer.
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Figure 1b: Stereoscopic View of the Rh'F5 Tetramer.
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Figure 2:  The packing of RhF; tetramers and the unit cell.
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XBL 7212-7360

Figure 3: Idealized hexagonally-close-packed Rth tetramer. (The
atoms are numbered to correspond with Fiqure la and the fluorine-
bridge bonds of the tetramer are heavily shaded. The closest F-
atom laver is represented by the biggest openAcircles and the
farthest by the smallest.)
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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